Food flavour is important in appetite control. The effects of aroma and taste, independently or in 26 combination, on appetite sensation and subsequent food intake, were studied. Twenty-six females 27 (24 ± 4 years, 20.9 ± 1.9 kg⋅m -2 ) consumed, over 15 min period, one of four sample drinks as a 28 preload, followed by an ad libitum consumption of a pasta meal (after 65 min). Sample drinks were: 29 water (S1, 0 kcal), water with strawberry aroma (S2, 0 kcal), water with sucrose and citric acid (S3, 48 30 kcal) and water with strawberry aroma, sucrose and citric acid (S4, 48 kcal). Appetite sensation did 31 not differ between the S1 (water), S2 (aroma) and S3 (taste) conditions. Compared with S1 (water), 32 S2 (aroma) and S3 (taste), S4 (aroma + taste) suppressed hunger sensation over the 15 min sample 33 drink consumption period (satiation) (p < 0.05). S4 (aroma + taste) further reduced hunger sensation 34 (satiety) more than S1 at 5, 20 and 30 min after the drink was consumed (p < 0.05), more than S2 35 (aroma) at 5 and 20 min after the drink was consumed (p < 0.05), and more than S3 (taste) at 5 min 36 after the drink was consumed (p < 0.05). Subsequent pasta energy intake did not vary between the 37 sample drink conditions. S4 (aroma + taste) had the strongest perceived flavour. This study suggests 38 that the combination of aroma and taste induced greater satiation and short-term satiety than the 39 independent aroma or taste and water, potentially via increasing the perceived flavour intensity or 40 by enhancing the perceived flavour quality and complexity as a result of aroma-taste cross-modal 41 perception. 42 43
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ORIGINAL ARTICLE 1
Effects of aroma and taste, independently or in combination, on appetite sensation humans are controlled by successive but also overlapping sensory, cognitive, hormonal and 55 metabolic signals that influence eating as described in the satiety cascade (Blundell & Bellisle, 2013 ; 56
Blundell, Rogers, & Hill, 1987) . Within the satiety cascade, "Satiation" is the process which leads to 57 the termination of eating; "Satiety" describes the inter-prandial period during which the feeling of 58 fullness lingers before hunger returns (Benelam, 2009) . Food flavour, an oral-sensory signal, may 59
play an important role in affecting appetite sensation and food intake. On the one hand, flavour 60 contributes to food palatability which has been shown to stimulate hunger and increase food intake 61 (Bobroff & Kissileff, 1986 There is an increasing interest in the impact of aroma and odour on appetite sensation and food 69 intake. Volatile compounds can reach the olfactory epithelium through one of two routes: 70 orthonasal (via nostril) or retronasal delivery (via nasopharynx) delivery (Negoias, Visschers, Boelrijk, 71 M A N U S C R I P T
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perception, appetite sensation and food intake (Olofsson & Nordin, 2004; Sudo, Sekiyama, 153 Watanabe, Bokul, & Ohtsuka, 2004) . Inclusion criteria were that participants were 19-40 years 154 healthy non-smoking females, with a normal BMI within 18.5 -24.9 kg⋅m -2 , who were neither 155 pregnant nor breastfeeding, and not taking any medication except the oral contraceptive pills. 156
Exclusion criteria included a weight loss or gain of more than 4 kg in the past six months, self-157 reported abnormal gustatory and olfactory senses, any allergy or intolerance to the food ingredients, 158 a score > 7 for the restraint factor on the Three-Factor Eating Questionnaires (Stunkard & Messick, 159 1985) , or clinically depressed as indicated by a score > 10 on the Beck Depression Inventory (Beck, 160 Ward, Mendelson, Mock, & Erbaugh, 1961) . 161
Respondents were invited to the Sensory Science Centre (SSC) at the University of Nottingham for a 162 screening session. The study was explained to all participants who were given the opportunity to ask 163 questions. All participants signed written informed consent prior to participation. Participants were 164 only informed that this study was about food and appetite. No further information was given to 165 them to prevent response bias. The weight and height of each participant were measured, and they 166 completed the Three-Factor Eating Questionnaires, Beck Depression Inventory, and International 167
Physical Activity Questionnaires (IPAQ) (Craig et al., 2003) . The participants who were recruited had 168 a mean BMI of 20.9 ± 1.9 kg⋅m -2 , a mean age of 24 ± 4 years, a mean restraint score of 4 ± 2 on the 169 Three-Factor Eating Questionnaires, and a mean score of 3 ± 2 on the Beck Depression Inventory. 170
Procedure for evaluating appetite sensation and subsequent pasta intake 171
A brief training on reporting appetite sensation using the Visual Analogue Scale (VAS) was given to 172 the 26 selected participants, followed by an in-lab practice prior to the study sessions. Each 173 participant completed all the four sample drink conditions on 4 separate days during their luteal 174 phases (days 18-25 of a menstrual cycle) over 2 to 3 menstrual cycles. This was to minimise the 175 differences in their appetite status across different phases of the menstrual cycle (Hirschberg, 2012 ; 176 Li, Tsang, & Lui, 1999) . Between any two session days, there was a time interval of at least 3 days.
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Each of the 26 participants completed the four drink conditions on 4 separate days over 2 to 3 178 menstrual cycles, each separated by at least 3 days. At least 24 hours prior to each visit, participants 179 were required to refrain from intense exercise, smoking, alcohol consumption and any medication 180 including the oral contraceptive pills (Astbury, Taylor, & Macdonald, 2011) . They were also 181 instructed to eat the same self-chosen dinner on the evening before each session day, between 182 20.00 and 21.00 hours. Participants were then required to fast until arriving in the laboratory the 183 next morning. Water consumption was permitted while fasting. 184
On each of the four test sessions, participants arrived at the laboratory at 08.45 hours. Participants 185 were requested to remove heavy shoes or clothing, and their body weight and height were assessed. 186
Baseline appetite sensation was reported at 09.00 hours using the Visual Analogues Scales (VAS). 187
Each participant was then provided with a standardised breakfast to consume within 20 min. At 188 11.00 hours, participants were provided with one of the four sample drinks to consume over a 15 189 min period. VAS ratings were completed immediately before (at t = 0 min), and at t = 5, 10, 15, 20, 190 25, 35, 45, 80 and 100 min after starting to consume the sample drink (Figure 1) . At 12.20 hours (t = 191 80 min), participants were served a pasta meal to consume freely, until they felt comfortably full. 
211
Each sample drink was served in 15 sealed cups coded with a 3-digit random number, each 212 containing 10 mL. It has been shown previously that oral-sensory-induced satiation and satiety 213 appears to develop and increases after a period of intense oral sensory exposure (Bolhuis et al., 214 2011) . Therefore, participants were instructed to consume the sample drinks slowly over 15 min 215 using a straw (diameter: 0.625 mm, Altec Ltd., UK), allowing sufficient oral-sensory exposure to elicit 216 the development of satiation and satiety. Meanwhile, participants were instructed to focus their 217 attention on the flavour perception of the drinks during drinking, as the distraction during an eating 218 process can increase the ad libitum food intake (Brunstrom & Mitchell, 2006) . Each participant 219 consumed a total of 150 mL of a sample drink over 15 min. While drinking, participants were 220 instructed to keep their normal breathing rate, swallow at a comfortable frequency, and focus on 221 the perception of the flavour.
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Pre-visit dinner for evaluating appetite sensation and subsequent pasta intake 223
On the evening prior to the study, participants were free to choose a dinner within their regular diet, 224 but they were requested to eat a comparable meal of equivalent energy value and type prior to each 225 study visit. 226
Breakfast 227
A breakfast of Rice Krispies (Kellogg's UK Limited, Manchester, UK) and semi-skimmed milk 228 (Sainsbury's Supermarkets Ltd., London, UK) was provided to each participant. It was equivalent to 229 10 % of the participant's estimated total daily energy expenditure (TDEE), and it contained 72%, 14% 230 and 14 % energy from carbohydrate, protein and fat, respectively (Astbury et al., 2011) . TDEE was 231 calculated as the Basal Metabolic Rate (BMR) multiplied by 1.38, 1.55 or 1.73 (activity index) based 232 on the individual's activity level obtained from the IPAQ questionnaire (Craig et al., 2003) . 233
Individual's BMR was calculated according to the equation by Harris and Benedict (1919) . 234
Pasta meal 235
The ad libitum pasta meal was made of penne pasta (Sainsbury's Supermarkets Ltd., London, UK), 236 Dolmio Garden Vegetables pasta sauce (MARS Food, USA), olive oil (Sainsbury's Supermarkets Ltd., 237 UK), and cheddar cheese (Sainsbury's Supermarkets Ltd., UK). The penne pasta was cooked and 238 mixed with the pasta sauce, olive oil and cheddar cheese on the evening before each study day, 239 using a standard cooking procedure. The cooked pasta was refrigerated in sealed containers 240 overnight until it was reheated in a microwave oven for 3 min and then stirred immediately before 241 serving. The pasta meal had an energy density of 1.66 kcal⋅g -1 , and it contained 17%, 62%, 18% and 3% 242 of protein, carbohydrate, fat and fibre, respectively. 243
Measuring appetite sensation 244
Participants rated their appetite sensation of hunger, satisfaction, fullness, desire to eat and the 245 prospective consumption (the amount they anticipated they might consume), using a 100 mm long were asked to score on the scales by placing a mark on the horizontal line, using the computerised 252 data acquisition system FIZZ 2.46 (Biosystems, France). 253
Evaluation of energy intake from the pasta meal 254
Subsequent energy intake (EI) from the pasta meal was measured 65 min after finishing 255 consumption of the sample drink. Participants were given a 530 g portion of pasta and were 256 instructed to terminate eating when they felt comfortably full. They were instructed to ask for 257 another portion once the previous portion was finished if required. The pasta meal EI was calculated 258 as the weight (g) of pasta consumed multiplied by the energy density of the pasta (1.66 kcal⋅g -1 ). 259
Participants for the evaluation of flavour intensity and liking 260
After the completion of the appetite sensation and food intake measurement, 60 healthy female 261 participants, including the previous 26 participants, from the University of Nottingham were 262 recruited to complete two sensory tests to evaluate the flavour intensity and liking of the previous 263 four sample drinks, on two separate days. In addition, 5 of these participants completed an extra 264 session to measure in-vivo aroma release of the sample drinks by APCI-MS. Participants were non-265 smoking females of normal weight (BMI: 18.5 -24.9 kg⋅m -2 ), with no abnormal gustatory or olfactory 266 senses, and no allergy to the ingredients used. Each participant's height and weight were measured. 267
Any participants who had a BMI outside 18.5 -24.9 kg⋅m -2 were excluded from the study. The study 268
procedure was explained to all potential participants, who were given the opportunity to ask 269 questions. They all signed written informed consent prior to participation. The 60 female 270 participants had a mean BMI of 21.4 ± 2.1 kg⋅m -2 , and a mean age of 22 ± 4 years (18 to 36 years). 271
Pairwise ranking for comparing perceived overall flavour intensity 272
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The four sample drinks were compared for the perceived overall flavour intensity using pairwise 273 ranking test (Meilgaard, Civille, & Carr, 2006) . The term "flavour" was explained to participants as 274 the combination of gustatory, olfactory and trigeminal sensations (ISO, 2008). 10 mL of each sample 275 was present in a 30 mL sealed plastic cup coded with a 3-digit random number. Each participant 276 evaluated all six possible pairs formed from the four samples (2 by 2), one pair at a time, with the 277 question "which sample is stronger in the perceived overall flavour intensity". Sample pairs were 278 presented in a balanced and randomised order between and within pairs. Participants were asked to 279 take a 5 min break after assessing 3 pairs of samples. Water and crackers were used to cleanse the 280 palate between samples. 281
Hedonic test for liking ratings 282
The overall sensory liking of the four sample drinks was assessed using a 9-point hedonic scale 283 (Peryam, 1952) . Score "9" was assigned to "like extremely", "5" to "neither like nor dislike", and "1" 284 to "dislike extremely". 10 mL of each sample was present in a 30 mL sealed plastic cup coded with a 285 3-digit random number. All 60 participants assessed the four sample drinks in a randomised and 286 balanced order. Water and crackers were used to cleanse the palate between samples. 287
APCI-MS analysis of in-vivo volatile release 288
To test whether the addition of 8 % sucrose and 0.1 % citric acid affected the strawberry aroma 289 release to the nasal cavity, breath by breath APCI-MS analysis was used to compare the in-nose 290 strawberry aroma concentration between S2 (only strawberry aroma) and S4 (strawberry aroma + 291 citric acid + sucrose). 
Data analysis 299
Data is presented as the mean ± standard deviation or standard error. A p-value less than 0.05 was 300 considered statistically significant for all tests. VAS appetite ratings were measured in millimetres 301 from the left end to the points where the participants scored. Since VAS appetite ratings before the 302 sample drink preload (t = 0 min) were not different between the four sample drink conditions, Δ VAS 303 ratings were determined by subtracting the ratings collected immediately before the sample drink 304 consumption (t = 0 min) from the ratings after the sample drink consumption (t = 5, 10, 15, 20, 25, 305 35, 45, 80 and 100 min). One participant was identified as an outlier whose appetite ratings had 306 residual values above ± 3 standard deviations. Data from the remaining 25 participants were used 307 for the final analysis of appetite sensation. The area under the curve (ACU) values for Δ VAS ratings 308 over different time periods was calculated according to the trapezoidal rule. (EI) and the accumulated energy intake (sample drink energy + pasta EI) were compared between 312 the four sample drink conditions using one-way repeated measures ANOVA (one factor: sample 313 drink). Two-way repeated measures ANOVA (4 sample drinks × 3 time-points) were conducted to 314 assess the effect of sample drink over the sample drink consumption period (5, 10 and 15 min) on Δ 315 VAS ratings. Additional two-way repeated measures ANOVA (4 sample drinks × 6-time points) were 316 conducted to assess the effect of sample drink over the period after the sample drink was consumed 317 
331
To compare the perceived overall flavour intensities, rank sums of each sample drinks obtained from 332 the pairwise ranking test were analysed using Friedman's test with Tukey's HSD post hoc tests 333 (Meilgaard et al., 2006) . The rank sum of each sample was calculated by adding the sum of times 334 when a sample was selected as less intense to twice the sum of times when the sample was selected 335 as more intense in the perceived overall flavour. Liking ratings were analysed using Friedman 336 statistic test with post hoc Wilcoxon signed-rank test. For APCI-MS data analysis, the peak height 337 values from the chromatograms for each ion from S2 (aroma) and S4 (aroma + taste) were obtained 338 using MassLynx software (Micromass Ltd, UK). The mean peak values of ions 117, 131 or 145 were 339 compared between S2 (aroma) and S4 (aroma + taste) using paired sample t-tests. The VAS appetite sensation for hunger (Figure 3) , fullness, satisfaction, desire to eat, and 346 prospective consumption, at the time point before the breakfast (t = -120 min) were not 347 significantly different between the four experimental visits, indicating that the participants arrived or between the S1 (water), S2 (aroma) and S3 (taste) conditions. 
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Satiation evaluation 370
The Δ hunger ratings decreased over the 15 min consumption of the sample drink (p < 0.005) (Figure  371 3). Δ hunger AUC (0 -15 min) which describes the reduction in hunger sensation over the 15 min 372 sample drink consumption period (satiation), was larger in the S4 (aroma + taste) condition than the 373 
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S1 (water) (p < 0.05), S2 (aroma) (p < 0.001) and S3 (taste) conditions (p < 0.05) (Table 2), suggesting 374 that S4 (aroma + taste) induced greater satiation than S1 (water), S2 (aroma) and S3 (taste). There 375 was a significant main effect of sample drink on Δ hunger ratings over the sample drink consumption 376 period (p < 0.05). Pairwise multiple comparison tests with Bonferroni correction ( Table 3 ) revealed 377 that S4 (aroma + taste) reduced Δ hunger ratings more than S1 (water), S2 (aroma) and S3 (taste) at t 378 = 5, 10 and 15 min (p < 0.05). There was no significant difference in AUC (0 -15 min) or VAS Δ 379 hunger ratings over the sample drink consumption period (at t = 5, 10 and 15 min) between S1 380 (water), S2 (aroma) and S3 (taste), suggesting that the individual aroma or taste condition and did 381 not affect satiation differently from the water control. The interaction effect between the sample 382 drink and time was not significantly different. 383
Satiety evaluation 384
The satiety effect of the sample drinks was evaluated by the AUC (15 -80 min), the Δ VAS ratings 385 after the sample drink consumption (t = 15 -80 min) and the subsequent pasta meal intake. The VAS 386 Δ hunger ratings increased over the subsequent 65 min (t = 15 -80 min) period after the sample 387 drink was consumed (p < 0.0001) (Figure 3) . AUC (15 -80 min) for Δ hunger was smaller in the S4 388 (aroma + taste) condition than the S1 (water) and S2 (aroma) conditions (p < 0.05), and was not 389 significantly different from the S3 (taste) condition (Table 2 ). There was a significant main effect of 390 sample drink on the Δ hunger ratings after the sample drink was consumed (p < 0.05). Pairwise 391 multiple comparison tests with Bonferroni correction revealed that S4 (aroma + taste) reduced 392 hunger sensation more than S1 (water) and S2 (aroma) over the 65 min period after the sample 393 drink was consumed (p < 0.05). Specifically, S4 (aroma + taste) reduced hunger sensation more than 394 S1 (water) at t = 20, 35, and 45 min (5, 20 and 30 min after the sample drink was consumed) (p < 395 0.05) (Table 3) , more than S2 (aroma) at t = 20 and 35 min (5 and 20 min after the sample drink was 396 consumed) (p < 0.05). The difference in Δ hunger ratings between S4 (aroma + taste) and S1 (water), 397 or between S4 (aroma + taste) and S2 (aroma) at t = 25 min, was approaching the significant level (pM A N U S C R I P T
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= 0.08 and 0.007, respectively). The difference in Δ hunger between S4 (aroma + taste) and S3 (taste), 399 over the 65 min period after the sample drink preload, was approaching the significant level (p = 400 0.076). S4 (aroma + taste) reduced hunger sensation more than S3 (taste) only at t = 20 min (5 min 401 after the sample drink was consumed) (p < 0.05) ( Table 3) . 402
At t = 80 min, immediately before the ad libitum intake of pasta, values of Δ hunger were not 403 different between the four sample drink conditions. The subsequent energy intake of the pasta meal, 404 served 65 min after sample drink preload (t = 80 min), was not different between the four sample 405 drink conditions ( Table 4 ). The accumulative energy intakes (sample drink EI + pasta meal EI) did not 406 significantly differ between the four sample drink conditions. At t = 100 min, immediately after the 407 paste meal, appetite sensation was not different between the sample drink conditions. 408 Sample drinks were arranged on a line scale of rank sums of the perceived overall flavour intensity 415 which were calculated from the pairwise ranking test (Figure. 4) . A higher rank sum indicates a more 416 intense flavour perception. The perceived overall flavour intensities of the four sample drinks were 417 perceived to be different from each other (p < 0.05). S4 (aroma + taste) was perceived as the 418 strongest in overall flavour intensity, followed by S3 (taste), S2 (aroma), and S1 (water). 
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Liking ratings 423
Mean liking ratings (mean ± standard deviation) for S4 (aroma + taste) (6.6 ± 1.5) and S3 (taste) (6.4 424 ± 1.4) were higher than S2 (aroma) (5.0 ± 0.9) and S1 (water) (5.0 ± 1.0) (p < 0.05). Participants did 425 not like S4 (aroma + taste) and S3 (taste) differently. Their liking ratings for S1 (water) and S2 (aroma) 426
were also not significantly different. 427
Effect of taste substances on in-vivo strawberry aroma release 428
There was no significant difference between S2 (aroma) and S4 (aroma + taste) in the in-vivo 429 strawberry aroma release. This indicates that the addition of sucrose and citric acid did not 430 significantly alter the delivery of strawberry aroma to the nasal cavity. 431
Discussion 432
The objective of this study was to investigate the effects of the independent aroma or taste and 433 their combination, in a sample drink, on appetite sensation and subsequent food intake. 26 healthy 434 normal weight female participants consumed four different sample drinks that varied with respect 435 to the presence of aroma and taste stimuli and were subsequently served an ad libitum pasta meal 436 65 min after the sample drink was consumed. Compared with S1 (water), S2 (aroma) and S3 (taste), 437 the drink containing both aroma and taste (S4) induced a greater satiation effect, as indicated by a 438 greater reduction in the hunger sensation over the 15 min sample drink consumption period (t = 5, 439 10 and 15 min). S4 (aroma + taste) also induced satiety (hunger suppression) more than S1 (water) at 440 5, 20 and 30 min after the sample drink was consumed (t = 20, 35 and 45 min), more than S2 (aroma) 441 at 5 and 20 min after the sample drink was consumed (t = 20 and 35 min), and more than S3 at 5 min 442 after the sample drink was consumed (t = 20 min). Subsequent pasta energy intake, 65 min after the 443 It is worth mentioning that sucrose was used in this study rather than non-nutritive sweeteners. 447
Non-nutritive sweeteners like stevia, saccharin or aspartame, have secondary taste attributes or 448 aftertastes, such as bitterness and metallic taste (Chandrashekar et al., 2006) . Such secondary taste 449 or aftertastes may reduce the palatability/acceptance of the sample drinks, and they are not 450 congruent to the strawberry aroma, both of which are likely to affect the study results and 451 conclusion. Sucrose was chosen as it provided a pure and clean sweet taste that is congruent to the 452 strawberry aroma, however, it contains 4 kcal⋅g -1 energy. In the current study, S3 (taste, 48 kcal) did 453 not affect appetite sensation and subsequent pasta meal energy intake differently from S1 (water, 0 454 kcal) or S2 (aroma, 0 kcal), suggesting neither the energy difference (48 kcal) nor the addition of 455 taste or aroma alone had major impact on appetite sensation and subsequent food intake. Aroma stimuli alone in water (S2) did not affect the self-reported appetite sensation at any time 473 point over the study period and the subsequent pasta energy intake when compared with the water 474 control (S1). Retronasal strawberry aroma delivery has been shown to increase the subjective feeling 475 of satiation, but this effect was observed with the simultaneous delivery of sweet taste from a milk 476 drink (Ruijschop et al., 2008) . The retronasal aroma in drink S2 (aroma) was delivered in water 477
without the presence of a noticeable taste stimuli. It may be that that retronasal aroma only induces 478 satiation when presented with a congruent taste. 479
The combination of aroma and taste in a sample drink reduced the sensation of hunger to a greater 480 extent than the independent aroma or taste in a drink over the 15 min sample drink consumption 481 period and until at least 5 min after the sample drink was consumed. One may suspect that an 482 increase in the aroma release from S4 (aroma + taste) as a result of the aroma-taste physiochemical 483 interaction might have contributed to the greater satiation effect (Ruijschop et al., 2008) . However, 484 this was not the case in the current study. APCI-MS analysis of in-vivo strawberry aroma release 485
showed that there was no significant difference in the release of strawberry aroma between S2 486 (aroma) and S4 (aroma + taste). This indicated that citric acid or sucrose did not affect the physical 487 chemistry of the strawberry aroma release. This is in agreement with the current literature that 488 noticeable physicochemical interactions between aroma and taste only appear at relatively high 489 concentrations of both (Friel, Linforth, & Taylor, 2000; Pfeiffer et al., 2006) . 490
The observed difference in hunger sensation between the sample drink conditions does not seem to 491 be caused by the difference in energy content nor the palatability because S3 (taste) and S4 (aroma 492 + taste), sharing the same energy content (48 kcal) and similarly liking ratings, affected the hunger 493 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT sensation differently. Instead, the difference in the hunger sensation was more likely to result from 494 the difference in flavour perception between the sample drinks. S4 (taste and aroma) was perceived 495 as the most intense in the perceived overall flavour, and it also suppressed hunger sensation more 496 than S1 (water), S2 (aroma) and S3 (taste) over the sample drink consumption period and for a short 497 time after the sample drink was consumed. This suggests that adding the two modalities, aroma and 498 taste, together to a drink reduced the hunger sensation to a greater extent than the independent 499 aroma or taste, potentially via increasing the overall perceived flavour intensity of the drink. 500
Increasing the perceived intensity of a flavour modality (aroma or taste) has been shown to enhance 501 satiation and reduce food intake ( However, the observed greater hunger suppression effect of the combined aroma and taste than the 506 independent aroma or taste, may not only be due to a quantitative increase in the flavour intensity 507 but also due to a qualitative change in the flavour quality and complexity as a result of aroma-taste 508 cross-modal perception. In a previous study, when strawberry aroma, citric acid and sucrose were 509 presented in a drink, participants perceived the flavour of the drink as more intense than the sum 510 intensity of strawberry aroma, citric acid and sucrose presented alone (Pfeiffer, Hort, Hollowood, & 511 Taylor, 2006) . Similarly, in the current study, the combination of aroma (strawberry aroma) and taste 512 (citric acid + sucrose) probably resulted in something more than the sum perception of aroma and 513 taste. APCI-MS analysis showed that there was no significant difference in the release of aroma 514 volatiles from the drink to the nose due to the presence of taste substances (sucrose + citric acid). 515
This suggested that the cognitive process of aroma and taste association, rather than a 516 physiochemical interaction between aroma and taste, might have contributed to the observed 517 hunger suppression. The cross-modal association of aroma and taste results in a more complex 518 flavour perception (Auvray & Spence, 2008) . Increasing the complexity of retronasal aroma has been 519 M A N U S C R I P T
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reported to enhance satiation. Participants felt more satiated when consuming a yoghurt with a 520 multi-component strawberry aroma (more complex), compared with the same yoghurt with a single-521 component strawberry aroma of the similar intensity (Ruijschop et al., 2010) . 522
Based on the current study, whether the hunger sensation was reduced as a result of a simple 523 addition of aroma and taste intensities, or due to a change in the perceived flavour quality via cross-524 modal association is inconclusive. Future experiments could be carried out to further examine this 525 hypothesis. For example, the perceived overall flavour intensity and the palatability of a drink 526 containing a single modality (aroma or taste) could be kept the same as the flavour intensity of a 527 drink containing both aroma and taste modalities, when comparing their effect on appetite 528 sensation and food intake. Alternatively the effect of an incongruent aroma-taste combination on 529 appetite sensation could be studied in comparison to a congruent aroma-taste combination with the 530 similar flavour intensity and palatability. Because the cross-modal association between aroma and 531 taste depends on the congruency of aroma and taste, and non-congruent aroma and taste do not 532
show the same perceptual association that affects the flavour quality (Dalton et al., 2000) . 533
The mechanism behind the finding that the addition of more flavour modalities reduced hunger 534 sensation is unknown. It may be due to the combination of physiological and psychological 535 mechanisms. Adding flavour modalities may reduce hunger sensation by influencing the hormonal 536 signals for satiation or satiety. Massolt et al. (2010) reported that participants felt less hungry and 537 more satiated after tasting or smelling chocolate compared with the control which involved no 538 tasting nor smelling, and this correlated with a decrease in the blood ghrelin level. In addition, in the 539 current study, participants might be consciously aware of the distinctly different flavour 540 characteristics between the sample drinks. It is likely that participants might have some cognitive 541 belief or expectation about the satiating effect of the sample drinks, which contributed to the 542 difference in appetite sensation, to some extent. The greater reduction in the hunger sensation from 543 a drink with more flavour modalities, hence more intense and complex flavour, might be driven by aM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT learned association (Gibson & Brunstrom, 2007) . Participants may have gradually learnt that food 545 with more intense or complex flavour profile may be more nutritionally rich, and therefore, more 546 satiating. Further investigation is required to explain the mechanism behind the study finding and to 547 investigate whether the effects that have been noted are sustained at a similar level over repeated 548 exposure. 549
Compared with the water control, the sample drink S4 (aroma + taste) reduced the hunger sensation 550 over the 15 min sample drink consumption period (satiation) and continued to suppress the hunger 551 sensation until 30 min (t = 45 min) after the sample drink consumption (satiety). However, this did 552 not result in a significant reduction in the subsequent pasta meal intake. This may be because the 553 difference in appetite sensation ratings was not significantly different between the sample drink 554 conditions immediately before the subsequent pasta meal (t = 80 min). If the time interval between 555 the sample drink preload and the subsequent pasta meal is shortened, a significant reduction in 556 subsequent meal energy intake might occur under the S4 (aroma + taste) condition compared with 557 the water control. 558
Conclusion 559
Taste or aroma stimuli presented alone in a drink preload neither influenced satiation nor satiety, as 560 measured by the appetite sensation and subsequent pasta meal energy intake, compared with the 561 water control. The combination of aroma and taste in a drink induced greater satiation (hunger 562 suppression) than the water control and the drink with the independent aroma or taste. The 563 combination of aroma and taste in a drink briefly further enhanced satiety (hunger suppression) 564 compared with the water control (at 5, 20 and 30 min after the sample drink was consumed), the 565 drink with only aroma at 5 and 20 min after the sample drink was consumed) and the drink with only 566 taste (at 5 min after the sample drink was consumed). 
